The afp1 gene, which encodes the antifungal protein AFP1, was cloned from nikkomycin-producing Streptomyces tendae Tü901, using a nikkomycin-negative mutant as a host and screening transformants for antifungal activity against Paecilomyces variotii in agar diffusion assays. The 384-bp afp1 gene has a low G؉C content (63%) and a transcription termination structure with a poly(T) region, unusual attributes for Streptomyces genes. AFP1 was purified from culture filtrate of S. tendae carrying the afp1 gene on the multicopy plasmid pIJ699. The purified protein had a molecular mass of 9,862 Da and lacked a 42-residue N-terminal peptide deduced from the nucleotide sequence. AFP1 was stable at extreme pH values and high temperatures and toward commercial proteinases. AFP1 had limited similarity to cellulose-binding domains of microbial plant cell wall hydrolases and bound to crab shell chitin, chitosan, and cell walls of P. variotii but showed no enzyme activity. The biological activity of AFP1, which represents the first chitin-binding protein from bacteria exhibiting antifungal activity, was directed against specific ascomycetes, and synergistic interaction with the chitin synthetase inhibitor nikkomycin inhibited growth of Aspergillus species. Microscopy studies revealed that fluorescein-labeled AFP1 strongly bound to the surface of germinated conidia and to tips of growing hyphae, causing severe alterations in cell morphogenesis that gave rise to large spherical conidia and/or swollen hyphae and to atypical branching.
Proteins with antifungal activity have been isolated from plants, insects, and fungi and characterized. Plant antifungal proteins, including the cysteine-rich small defensins, ribosomeinactivating proteins, lipid transfer proteins, polygalacturonase inhibitor proteins, nonenzymatic chitin-binding proteins, and pathogenesis-related (PR) proteins, appear to comprise defense mechanisms against fungal attack (54) . Many of these proteins are rapidly induced upon infection with fungal, bacterial, viral, or viroidal pathogens or by related forms of stress. Among the induced proteins are the PR proteins, which have been classified into families based on amino acid sequence similarities, serological properties, and function (22, 24, 43) . Members of the five major families (1 to 5) have been shown to have in vitro antifungal activities. PR proteins of families 2 and 3 (PR-2 and PR-3 proteins) include ␤-1,3-glucanases and chitinases, respectively, which act synergistically in degrading fungal cell walls and inhibit growth of fungi. Many of the PR-4 proteins have nonenzymatic chitin-binding activity, and PR-5 proteins are related to salt-induced osmotins, which have been shown to permeabilize the fungal plasma membrane and inhibit spore germination and hyphal growth (1, 47, 51) . A small histidine-rich antifungal protein and cysteine-rich antifungal proteins have been isolated from insects (8, 20) . The latter proteins, which have significant sequence similarity to the 5-kDa plant defensins, inhibit spore germination and cause partial lysis of fungal hyphae. Small, highly basic, and cysteinerich antifungal proteins not related to plant antifungal proteins have been purified from the extracellular medium of some imperfect ascomycetes (25, 31) . These proteins reveal some sequence similarity to phospholipase A 2 , but their molecular mode of action is not known.
Antifungal proteins are of great biotechnological interest because of their potential use as food and seed preservative agents and for engineering plants for resistance to phytopathogenic fungi (6) . Various studies have revealed that transgenic plants overexpressing genes of the PR-1, PR-2, PR-3, and PR-5 families mediate host plant resistance to phytopathogenic fungi, and coexpression of multiple antifungal protein genes in transgenic plants seems to be more effective than expression of single genes (for a review, see reference 54).
Antifungal proteins have not yet been isolated from streptomycetes and other bacteria. Streptomycetes are gram-positive, mycelium-forming soil bacteria that have the capacity to produce a great variety of secreted proteins, including hydrolytic enzymes that degrade organic material in the soil, such as chitin, cellulose, xylan, and starch (33) , and enzyme inhibitors (7, 14, 30) . Furthermore, streptomycetes have the exceptional ability to produce a broad range of low-molecular-weight antibiotics and other secondary metabolites; many of these compounds have antibacterial and antifungal properties and are used as agents in medicine and agriculture. Streptomyces tendae Tü901 produces antibiotics of various chemical structures, including cyclohexenylglycine, an isoleucine antagonist with antibacterial activity (23) ; the naphthoquinone compound juglomycin, which has antitumor activity (11) ; and chlorothricin, a glycosylated macrolide antibiotic that acts as an antagonist of acetyl-coenzyme A in bacteria (9) . In addition, the strain synthesizes various nikkomycins, which are peptidyl nucleoside antibiotics. Nikkomycins act as specific inhibitors of chitin synthetases and have high antifungal, insecticidal, and acaricidal activity (for a review, see reference 12).
In an attempt to isolate nikkomycin biosynthesis genes, we transformed a nikkomycin-nonproducing mutant of S. tendae Tü901 with DNA fragments from S. tendae Tü901 cloned into the multicopy plasmid pIJ699 and screened for antifungally active transformants, using Paecilomyces variotii as the test organism. In the course of these experiments, we cloned a gene for a protein that exhibits antifungal activity. Here, we present the characterization of this antifungal protein, AFP1, and its gene and show that AFP1 is a chitin-binding protein that strongly binds to the cell wall of germinated conidia and to hyphal tips of sensitive fungi and interferes with their growth polarity.
MATERIALS AND METHODS
Microorganisms and plasmids. S. tendae Tü901/8c, which produces nikkomycins I, J, X, and Z, was obtained from H. Zähner, University of Tübingen, Tübingen, Germany. S. tendae Tü901/NP51 is a nonproducing mutant of S. tendae Tü901/8c which does not synthesize antifungally active nikkomycins (4 Culture conditions. S. tendae NP51(pK11) and S. lividans(pK112) were grown on solid HA medium (3) containing 30 g of thiostrepton ml Ϫ1 at 27°C. Liquid cultures were incubated on a rotatory shaker at 27°C as described previously (27) , and AFP1 production was monitored on nikkomycin production medium SP (27) , modified precultivation CRM medium, and HA medium (3). These media were buffered by 50 or 100 mM MES (2-[N-morpholino]ethanesulfonic acid), pH 6.0. Thiostrepton (Sigma) was added at a concentration of 10 g ml Ϫ1 to liquid media. Agar diffusion assays with fungi and bacteria as test organisms were done on HA agar at pH 6.0 and 7.0, respectively. Malt extract peptone agar (3% malt extract, 0.3% soy peptone, 1.5% agar [pH 5.6]) was used for cultivation of C. herbarum and T. mentagrophyta.
Manipulation of DNA and cloning procedures. Standard procedures were used for E. coli (38) . Total DNA from S. tendae Tü901/8c was isolated by a large-scale method (19) , and plasmid DNA was isolated by the alkaline lysis method (18) . Streptomyces protoplasts were transformed as described by Bormann et al. (3) .
For genetic complementation experiments, total DNA from S. tendae Tü901/8c was partially digested with BamHI, and the resulting fragments were size fractionated. Fragments of 15 to 25 kb were ligated to BglII-cleaved pIJ699 isolated from S. tendae Tü901/8c. S. tendae Tü901/NP51 was transformed with the ligation mixture, and the resulting thiostrepton-resistant transformants were grown in 10-mm 2 patches on solid HA medium for 5 days. Agar plugs (6 mm in diameter) containing transformants were cut and placed onto test plates with P. variotii as the test fungus.
DNA sequencing. The nucleotide sequence was determined by the dideoxy chain termination method using a T7 sequencing kit, deaza-dGTP reaction mixtures, [␣- 35 S]dATP (Amersham Pharmacia Biotech Europe GmbH), and pUCK12 and subclones in pUC vectors with the M13/pUC universal and reverse primers. The CODONPREFERENCE program of the University of Wisconsin Genetics Computer Group package and the PC/GENE software package (IntelliGenetics) were used for sequence analysis. Databases were searched by using the program ⌿-BLAST (release 36) (2) .
Purification and characterization of AFP1 protein. Culture filtrate (200 ml) from S. tendae NP51(pK11) grown for 5 days in CRM medium was adjusted to pH 3.0 with 1 M HCl and stirred for 1 h at 4°C. Denatured proteins were precipitated by centrifugation at 10,000 ϫ g for 30 min. The supernatant was desalted and buffered to 25 mM sodium acetate (pH 3.0) by chromatography on a Sephadex G-25 medium (Amersham Pharmacia Biotech) column (5 by 20 cm) previously equilibrated with the same buffer at a flow rate of 5 ml min
Ϫ1
. AFP1-containing fractions were fractionated on an S-Sepharose column (HR 16/10; Pharmacia) previously equilibrated with 25 mM sodium acetate buffer (pH 3.0) at a flow rate of 100 ml h
. Most proteins did not bind to the resin. After elution of proteins by 100 ml of 0.2 M NaCl in 25 mM sodium acetate buffer (pH 3.0), AFP1 was eluted by 0.3 M NaCl in the same buffer. AFP1-containing fractions were collected, desalted by passage through Sephadex G-25 PD-10 columns (Amersham Pharmacia Biotech), and lyophilized.
AFP1 activity was determined by agar diffusion assays using P. variotii as the test organism calibrated with purified AFP1 (4 to 30 g; Fig. 5 ).
The Stokes radius of purified AFP1 (100 g) was determined by gel filtration chromatography on a Superose 12 column (HR 10/30; Amersham Pharmacia Biotech) equilibrated with 25 mM Tris-HCl buffer (pH 7)-0.1 M NaCl at a flow rate of 0.5 ml min
. Reference proteins (Sigma) were insulin ␤ chain (3,495.9 Da), cytochrome c (12,327 Da), carbonic anhydrase (29,000 Da), alcohol dehydrogenase from yeast (150,000 Da), and sweet potato ␤-amylase (200,000 Da). The molecular mass was also determined by electrospray mass spectrometry on an API III triple-quadrupole mass spectrometer (Sciex, Thornhill, Canada).
The N-terminal sequence of purified AFP1 was determined by automated Edman degradation in a pulse-liquid protein sequencer 477A (Applied Biosystems) equipped with an online analyzer 120A (Applied Biosystems) for phenylthiohydantoin-derivatized amino acids.
Determination of cysteine by using Ellmann's reagent. To test for cysteine and cystine residues in AFP1, the reaction with Ellmann's reagent was carried out before and after treatment with sodium borohydride (17) . AFP1 (20 or 40 g in 45 l) was incubated in the presence or absence of 2.5% sodium borohydride in water at 50°C for 1 h. After destruction of the remaining borohydride by addition of 20 l of 1 N HCl and incubation for 30 min at room temperature, 25-l aliquots of each sample were removed and used for agar diffusion assays with P. variotii as the test organism; 200 l of Ellmann's reagent [0.05% 5,5Ј-dithiobis(5-nitrobenzoic acid) (Sigma) in 0.22 M Tris-HCl, pH 8.2] was added to the remaining samples. After incubation for 5 min at room temperature, the absorbance at 412 nm was measured. Absorbances of the reduced AFP1 solutions (20 g of AFP1 and 40 g of AFP1) were 0.074 and 0.148, respectively; the absorbance of the native protein (40 g) was 0.002. Inhibition zones toward P. variotii were not obtained for NaBH 4 -treated samples, while untreated AFP1 samples gave inhibition zones 12 and 14 mm in diameter.
Determination of stability. Temperature stability was investigated by incubating purified AFP1 (1 mg ml Ϫ1 in 25 mM MES-NaOH (pH 6) in sealed vessels at 40 to 100°C. Samples (20 l) were removed between 0 and 60 min. pH stability of purified AFP1 (1 mg ml
) was investigated at pH 1.5 to 12 at 4 and 24°C. Samples (20 l) were taken after 0, 1, 2, 3, 4, 5, and 8 days. The following buffers (25 mM) were used: glycine-HCl, pH 1.5 and 2; sodium acetate-NaOH, pH 3; citric acid-Na 2 HPO 4 , pH 4 and 5; MES-NaOH, pH 6; TES (N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid)-NaOH, pH 7; HEPES-NaOH, pH 8; TAPS (N-tris[hydroxymethyl]methyl-3-aminopropanesulfonic acid)-NaOH, pH 9; and glycine-NaOH, pH 10, 11, and 12. Stability toward proteases was assayed by incubating 7 g of AFP1 and 10 g of pepsin, proteinase K, pronase, or trypsin (all from Sigma) in 0.1 M citric acid-0.2 M Na 2 PO 4 (at pH 4 and 5 for pepsin and at pH 7 for the other enzymes) for 3 and 12 h at 37°C. Antifungal activity of the samples was determined by agar diffusion assays using P. variotii as the test organism.
PAGE. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 16% polyacrylamide gels containing 6 M urea in the Tris-Tricine (N-tris[hydroxymethyl]glycine) buffer system described by Schägger and von Jagow (39) , which allowed a good separation of proteins with molecular masses of Ͻ10 kDa. Prestained molecular mass standards (Gibco BRL, Life Technologies) were insulin ␣ and ␤ chain (3,000 Da), bovine trypsin inhibitor (6,200 Da), lysozyme (14,300 Da), ␤-lactoglobulin (18,400 Da), carbonic anhydrase (29,000 Da), and ovalbumin (43,000 Da). Proteins in gels were detected by staining with Coomassie blue G250. Determination of antifungal activity. Agar diffusion assays were performed to determine the antifungal activity of AFP1-containing agar or solutions and to characterize the spectrum of biological activity of AFP1. Test plates (85 mm in diameter) contained 17.5 ml of HA agar seeded with test organisms, either spores of filamentous fungi or cells of bacteria and yeasts grown overnight in liquid HA medium, at a concentration of (10 5 ). AFP1-containing solutions were applied to paper disks (6 mm in diameter) or in wells (6 mm in diameter) punched into the agar. Test plates were incubated for at least 24 h at 37°C for E. coli, M. miehei, A. fumigatus, and P. variotii, at 24°C for C. herbarum, and at 27°C for the remaining test organisms. All results deduced from agar diffusion assays were calculated from three independent experiments. To assay for inhibition of hyphal growth, an agar plug containing mycelia of the test fungus was placed in the center of a petri dish containing 17.5 ml of HA agar and incubated until the colony reached a diameter of 3 to 4 cm. A paper disk containing 20 or 30 g of AFP1 was placed at the growing front of the hyphae, and the test plates were incubated further.
High-pressure liquid chromatography (HPLC) analysis was used to check culture filtrates for nikkomycins (10) .
Labeling of AFP1. AFP1 (1 mg) was labeled with 0.236 mg of 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester according to the specifications of the fluorescein labeling kit supplied by Boehringer (Mannheim, Germany).
Assays. Chitin azur (Sigma), p-nitrophenyl ␤-D-N,NЈ,NЉ-triacetylchitotriose (Sigma), laminarin (Sigma), and whole mycelia of P. variotii were used as substrates to assay AFP1 for chitinase, ␤-1,3-glucanase, and cell wall-degrading activity, respectively. P. variotii mycelia grown in liquid HA medium were homogenized in an Ultraturrax blender for 15 s. Cell debris was sedimented by centrifugation at 20,000 ϫ g for 20 min, washed three times with deionized water, lyophilized, and used for estimation of sugar liberation. The reaction mixture consisted of 0.5 ml of substrate suspension (4 mg ml Ϫ1 ) in 0.1 M citric acid-0.2 M Na 2 HPO 4 buffer (pH 7) or in 0.1 M ammonia acetate buffer (pH 5) and 0.1 ml of AFP1 (50 g in distilled water) and was incubated at 37°C with shaking for 12 to 48 h. Undissolved substrates were removed by centrifugation. Degradation of chitin azur was determined by measuring the absorbance at 570 nm. The amount of reduced sugars released from laminarin or fungal mycelia was assayed with the low-alkalinity copper reagent of Somogyi (41) and arsenomolybdate chromogen of Nelson (32) . With p-nitrophenyl ␤-D-N,NЈ,NЉ-triacetylchitotriose as the substrate, the reaction mixture consisted of 0.12 ml of substrate (2 mg ml Ϫ1 ) in 0.1 M citric acid-0.2 M Na 2 HPO 4 buffer (pH 7.0) and 100 g of AFP1.
After incubation for 4 h at 37°C, absorbance was determined at 410 nm. Positive control reactions were performed with chitinase from S. griseus (Sigma) and laminarinase from mollusk (Sigma).
Binding assays were performed with Avicel PH-101 (Fluka BioChemika), xylan from birchwood (Sigma), curdlan from Alcaligenes faecalis (Sigma), purified crab shell chitin (Sigma), chitosan from crab shells (Sigma), and cell walls of P. variotii. Fluorescein isothiocyanate (FITC)-labeled AFP1 (10 g) was incubated with 5 mg of polyglycan and 1 mg of cell walls in 100 l of 100 mM Tris-HCl (pH 7.6) overnight on a rotator. After three washes with the same buffer containing 150 mM NaCl, the samples were inspected by microscopy.
Microscopy. For fluorescence microscopy, samples were mounted in 16.7% (wt/vol) Moviol (Hoechst)-33.3% (vol/vol) glycerol in 66.7 mM Tris-HCl (pH 8 (37) . A Zeiss Axiophot 2 microscope, the FITC filter to visualize FITC-labeled AFP1, and Kodak T-Max films (ASA 100 and ASA 1000) were used for photographs.
Nucleotide accession number. The nucleotide sequence data described in this report have been deposited at the EMBL nucleotide sequence database under accession no. AJ242827.
RESULTS
Cloning of the AFP1-encoding gene. The mutant S. tendae Tü901/NP51, which does not synthesize biologically active nikkomycins (4), was transformed with a genomic library of S. tendae Tü901 in pIJ699, constructed as described in Materials and Methods. To screen for antifungally active transformants, agar plugs containing thiostrepton-resistant transformants grown in patches on complex agar medium were cut and incubated on plates containing spores of P. variotii. Among approximately 2,000 transformants, one caused a clear zone of growth inhibition about 10 mm in diameter. The recombinant plasmid pAE11 isolated from this transformant carried a 14.5-kb insert (Fig. 1) . When pAE11 was reintroduced into mutant NP51, about 70% of the new transformants grown on solid medium caused zones of growth inhibition of P. variotii.
The antifungal activity of the transformants was obviously not derived from genetic complementation of mutant NP51 to nikkomycin synthesis since nikkomycins (at concentrations Ͼ3 mg/liter) were not detected by HPLC of culture filtrates of transformants grown in nikkomycin production medium. Furthermore, when the culture filtrate was passed through a membrane filter with an exclusion limit of 10 kDa, which would not retain nikkomycins (approximately 600 Da), the antifungally active compound was retained on the filter. To localize the encoding gene, designated afp1 (antifungal protein 1), subclones of pAE11 were constructed. The presence of the deletion plasmid pK11, which lacked three KpnI fragments and contained a 2.8-kb insert, or plasmid pK112, which carried the 1.1-kb XhoI-BamHI fragment from pK11 ( Fig. 1) , led to expression of the antifungal protein in S. tendae NP51 and S. lividans TK23.
DNA sequence analysis. The nucleotide sequence of the 2,087-bp BamHI-XbaI fragment cloned from pK11 into pUC19 (forming pUCK12) was determined and analyzed. A complete open reading frame, afp1, composed of 384 bp, and the 5Ј end of a putative second open reading frame, orf2, were identified ( Fig. 1 and 2 ). The afp1 gene has two potential ATG start codons, at nucleotides (nt) 411 and 417; the latter is preceded by a potential ribosome-binding site (GAGG; nt 407 to 410) and therefore is the proposed translational start site. The afp1 gene terminates at a TGA stop codon at nt 801 and could encode a protein of 128 amino acids. The GϩC content of the afp1 gene is 63.3%, much lower than that of the total Streptomyces genome (73%). The region upstream of the afp1 gene (nt 1 to 416) also has a low GϩC content (60.7%). In the distal region of the 3Ј end of the afp1 gene are found a 9-bp, GC-rich inverted repeat region and an adjacent poly(I) region of 8 nt, which are rare for potential Streptomyces transcription terminators. Database searches revealed limited sequence similarity (25 to 33% identity, 41 to 53% similarity) between 40 to 77 amino acid residues of AFP1 and N-acetylmuramoyl-L-alanine amidase from Synechocystis sp., cellulase CelE from Pseudomonas fluorescens, and endo-1,4-␤-xylanases from Bacillus and Ruminococcus spp. (GenBank accession no. D90909, X86798, X59059, and U43089). The region of sequence similarity within CelE constitutes a part of the 100-amino-acid cellulose-binding domain, which is characterized by several highly conserved tryptophan residues in addition to glycine and asparagine res- The potential open reading frame orf2 could begin at the ATG start codon at nt 1249 or at nt 1285, each of which is preceded by a potential ribosome-binding site (AGGG, nt 1239 to 1242; GGGA, nt 1279 to 1282). The corresponding incomplete orf2 has a GϩC content of 70.9%. The encoded N-terminal portion of the protein, composed of 277 or 266 amino acids, respectively, did not reveal any similarity to protein sequences in databases.
Purification of the AFP1 protein.
To purify AFP1, S. tendae NP51 carrying pK11 was first cultivated in various media and culture filtrates were analyzed for antifungal activity by agar diffusion assays. Antifungal activity was of a similar high value when SP or CRM medium was used. CRM medium, which contains less proteinaceous compounds that could interfere with the purification procedure, was used for further experiments. Culture filtrates were collected throughout the growth of S. tendae NP51(pK11) and assayed by agar diffusion tests and SDS-PAGE (Fig. 4) . Antifungal activity of culture filtrates increased to a maximum level corresponding to approximately 300 mg of AFP1 liter Ϫ1 at 120 h in the stationary growth phase and remained constant when mycelia were cultivated for a further 24 h. SDS-PAGE analysis revealed that AFP1 appeared as the major protein of antifungally active culture filtrates and migrated near the 5,000-Da marker protein.
AFP1 was purified to apparent homogeneity by a two-step purification based on the stability and solubility of AFP1 at acidic pH; AFP1 has a calculated pI of 5.3. After precipitation of most proteins from culture filtrates at pH 3.0, the remaining proteins were separated by cation-exchange chromatography using S-Sepharose equilibrated in 25 mM acetate buffer (pH 3.0). After elution of contaminating proteins with 0.2 M NaCl in 25 mM acetate buffer (pH 3.0), AFP1 was eluted with 0.3 M NaCl in the same buffer and appeared to be homogeneous on SDS-polyacrylamide gels (Fig. 4) . Final recovery of AFP1 was 30%.
Properties of purified AFP1. The N-terminal amino acid sequence of AFP1 determined by Edman degradation revealed that 42 amino acid residues were cleaved from the N terminus of the afp1-encoded protein (Fig. 2) . The molecular mass of AFP1 was determined by electrospray mass spectrometry to be 9,862 Ϯ 2.7 Da, which coincided with that deduced from the nucleotide sequence (9,860 Da). The molecular mass determined by SDS-PAGE after AFP1 was reduced by dithiothreitol (Fig. 4) and gel filtration gave a considerably lower value of 6,100 Da.
Native AFP1 did not react with Ellman's reagent, which detects free thiol groups, but gave a positive reaction after treatment with sodium borohydride, which indicated that Cys-6 and Cys-24 of AFP1 form a disulfide bridge (Fig. 2) . The reduced form of AFP1 did not exhibit antifungal activity in agar diffusion assays.
AFP1 was stable over the pH range of 1.5 to 12 and resisted almost completely digestion by pepsin at pH 4 and 5 and by The sequences were obtained from GenBank (AFP1, this work; CelE, X86798; AmiA, D90909; CelE, X86798; EGA, X12570; EstD, X15429), from the PIR database (EGC, S19652), and from Swiss-Prot (XylA, P14768). CBD indicates residues of cellulose-binding domains which are identical or similar in the aligned sequences of CelE, EGA, EGC, XylA, and EstD. Aromatic amino acid residues involved in protein-sugar binding (34) proteinase K, pronase, or trypsin at pH 7 (data not shown).
Heating purified AFP1 at temperatures between 70 and 100°C for 60 min reduced antifungal activity to 50%.
Biological activity. The antimicrobial activity of AFP1 was determined by growth inhibition assay on agar plates seeded with various microorganisms (Table 1) . AFP1 inhibited growth of specific ascomycetes; P. variotii was the most sensitive fungus tested. In contrast, AFP1 had no effect on the growth of E. coli, Micrococcus luteus, S. lividans TK23, Mucor species, and yeasts. Growth of P. variotii was inhibited at AFP1 concentrations of Ͼ4 g per well (Fig. 5) . In addition, AFP1 applied to the growing front of a colony directly inhibited hyphal growth of fungi that were affected in agar diffusion assays (shown for P. variotii in Fig. 5 ). Growth inhibition zones caused by AFP1 were stable for weeks when test plates were further incubated at room temperature.
Combinations of AFP1 and the chitin synthetase inhibitor nikkomycin were tested against fungi affected by AFP1 to detect possible synergistic effects between the antifungal agents. Synergism was clearly observed against Aspergillus species, especially A. fumigatus (Table 1) .
Test for enzyme activities and polysaccharide binding. As the biological activity of AFP1 was exclusively directed against ascomycetes, AFP1 was assayed for enzyme activities directed against chitin and ␤-1,3-glucan, the main components of their cell wall (50) . However, neither chitinase and ␤-1,3-glucanase activity nor the release of reducing sugars from cell walls of P. variotii could be detected. Since AFP1 had limited sequence similarity to cellulose-binding domains, binding of fluoresceinlabeled AFP1 to various polysaccharides and the cell wall of P. variotii was studied. Microscopy observations revealed that AFP1 binds to crab shell chitin, chitosan, and P. variotii cell wall but does not to ␤-1,3-glucan (curdlan), crystalline cellulose (Avicel), and xylan (Fig. 6) .
Effect of AFP1 on fungal morphology and its localization. The phenotypes of P. variotii and A. fumigatus affected by AFP1 were determined by inoculating 200 l of complete medium (HA) containing various concentrations of AFP1 with conidia and cultivating the plates for 12 h. At 50 g of AFP1 ml
Ϫ1 , approximately 80% of P. variotii conidia (4 to 6 m) grew isotropically to large, round cells up to 25 m in diameter. After washing and plating onto solid medium, the large germ spheres grew to form colonies. The remaining conidia germinated normally and grew to germ spheres 11 m in diameter and formed a germ tube (Fig. 7A) . At higher concentrations of AFP1 (Ͼ75 g ml Ϫ1 ), in addition to the large round cells, hyphal swelling was observed (data not shown). In contrast, large spheres were not observed for A. fumigatus. At concentrations of 50 g of AFP1 ml Ϫ1 , A. fumigatus germinated and grew normally (Fig. 7D) ; at concentrations of Ͼ75 g of AFP1 ml
Ϫ1
, aberrant branching of hyphae and increased hyphal width were observed (Fig. 7C) . Mycelia lysed easily upon mechanical force.
Fluorescein-labeled AFP1 (50 g ml
) was used to localize AFP1 on both fungi (Fig. 7) . With P. variotii, most of the fluorescence appeared on the surface of the large spheres, and fluorescence was also detected along hyphae. With A. fumigatus, strong fluorescence appeared at hyphal tips and at the wall of germinated conidia that had formed a germ tube.
DISCUSSION
The gene for the extracellular AFP1 from S. tendae Tü901 was cloned on a multicopy vector in a nikkomycin-nonproducing mutant. Overexpression was a prerequisite for detection of the gene by the screening method used. Since AFP1 was produced in large amounts by the transformants and remained stable and soluble at acid pH, it was rapidly purified to homogeneity from culture filtrate. Mature AFP1 consists of 86 amino acid residues according to the N terminus defined by Edman degradation and the molecular mass obtained by electrospray mass spectrometry. The estimation of an apparent lower molecular mass for AFP1 by SDS-PAGE and gel filtration might be due its relatively small size and an unusual molecular shape caused by the presence of a disulfide bridge, which could influence the binding of SDS (5) and lead to deviations from the ideal behavior in gel filtration. A significantly lower apparent molecular mass has also been determined for the S. tendae 4158 ␣-amylase inhibitor tendamist, which consists of 74 amino acids and contains two disulfide bridges (46) .
The afp1 gene encodes a typical signal peptide required for secretion with three positively charged amino-terminal amino acid residues (two Arg and one Lys) and a hydrophobic core region. However, extracellular AFP1 does not appear to be the direct product of cleavage by signal peptidase I, as the residues upstream of the determined N terminus of extracellular AFP1 (Gly-Pro-Thr) do not conform to the Ϫ1,Ϫ3 rule, which states that proline must be absent from positions Ϫ3 to ϩ1 relative to the cleavage site of signal peptidase I (48) . Two sites that follow the Ϫ1,Ϫ3 rule (Ala-Ala-Ala and Ala-Ser-Ala) and that are preceded by a turn-promoting proline at distances of 2 and 3 residues, respectively, are located 13 and 4 amino acid residues upstream of the N terminus. Since purified AFP1 from S. lividans(pK11) consisted of a small proportion (10 to 20%) of the protein with five additional amino acids (Ala-Ile-Gly-ProThr-) at the N terminus (data not shown), AFP1 isolated from S. tendae NP51(pK11) might be the result of extracellular processing subsequent to the initial signal peptidase cleavage. Similar phenomena have been reported for protein protease inhibitors from S. lividans and S. longisporus overproduced in S. lividans; the protein revealed amino-terminal amino acid heterogeneity in relation to the length of cultivation (44) .
AFP1 is a chitin-binding protein that strongly interacted with crab shell chitin, chitosan, and fungal cell walls. Binding of proteins to carbohydrates is mediated by aromatic residues, primarily tryptophan and tyrosine, through hydrogen-bonding and hydrophobic interactions (42) . Three tryptophan residues of bacterial cellulose-binding domains to which AFP1 shows sequence similarity have been shown to be exposed to one side of the domain and to be involved in protein-sugar binding (34, 52) . AFP1 has aromatic amino acid residues at the relevant positions: histidine, tyrosine, and tryptophan at positions 15, 36, and 40, respectively. Tryptophan, tyrosine, and histidine are also found at analogous positions in cellulose-binding domains of distinct families of proteins (45) . Bacterial cellulose-binding domains are found in many cellulases, xylanases, and other hemicellulases that have a modular structure (13) . These enzymes appear to have evolved from a limited number of ancestral sequences by domain fusion with subsequent modifications of the domains. A significant transfer of xylanase genes that fall into two distinct families seems to have occurred between bacteria and eukaryotic microorganisms. Since the afp1 gene has features that are extraordinary for Streptomyces (a low GϩC content of DNA and a poly[T] region and stemloop structure downstream of the gene), it is tempting to speculate that it may have evolved from a progenitor polysaccharide-binding domain of microorganisms having a GϩC content lower than that of Streptomyces. Many streptomycetes, including S. tendae Tü901, utilize chitin as sole carbon and nitrogen source and can be easily enriched from soil on plates containing chitin as the only nutrient. Whether AFP1 is part of the FIG. 6 . Binding of AFP1 to chitin, chitosan, and fungal cell walls. Fluorescein-labeled AFP1 was incubated overnight with crab shell chitin (A), crab shell chitosan (B), P. variotii cell wall (C), ␤-1,3-glucan (curdlan; D), Avicel (E), and xylan (F). After three washes with 100 mM Tris-HCl (pH 7.6)-150 mM NaCl, samples were analyzed by phase-contrast (left) and fluorescence (right) microscopy. chitinolytic system that facilitates degradation of chitin in a way similar to that proposed for cellulose-binding domains in microbial plant cell wall hydrolases (26) is now being investigated.
AFP1 represents the first chitin-binding protein from bacteria that exhibits antifungal activity. As antifungal activity has also been demonstrated for AFP1 isolated to homogeneity from E. coli BL21(DE3) cell extracts carrying the portion of the afp1 gene for the mature AFP1 protein in the T7 RNA polymerase-based pET11a (data not shown), there is no doubt that antifungal activity is caused by AFP1 alone. The chitinbinding proteins, CHB1 and CHB2, recently isolated from Streptomyces also bind to ␣-chitin and fungal hyphae but have no antifungal activity (40) . AFP1 does not show sequence similarity to CHBs, which have a higher molecular mass (18.7 kDa) and an isoelectric point at alkaline pH (9.01). The antifungal property of AFP1 might be related to its small size, which would allow it to penetrate the fungal wall. An estimate of fungal wall pore size predicts that proteins larger than 15 to 20 kDa will not be able to pass through the fungal wall (29) . Chitin-binding proteins from plants that have antifungal effects (e.g., Ac-AMPs from seeds of amaranth, nettle lectin, and hevein) are of small size (reference 35 and references herein). Members of the RP-4 family have molecular masses of 13 to 15 kDa (22) . The most potent chitin-binding lectins are the 6-kDa Ac-AMPs that act against a broad spectrum of fungal pathogens at concentrations of 1 to 10 g ml Ϫ1 . The 8.5-kDa nettle lectin inhibits germ tube growth of seven fungi at concentrations of 20 to 150 g ml Ϫ1 , which is the range required for antifungal activity of AFP1, while the 5-kDa hevein, which causes swelling of hyphae, is three to five times less active.
The mechanism of growth inhibition by the plant chitinbinding proteins is not known. Microscopy studies revealed that fluorescein-labeled AFP1 preferentially binds to sites where cell wall synthesis takes place: at conidia which grow isotropically by adding new wall material uniformly in every direction and to hyphal tips (50) . Therefore, it might be speculated that AFP1 interferes with cell wall synthesis by binding to nascent chitin, eventually cross-linking the polymer and interfering with growth polarity. The susceptibility of chitin synthetase for the antibiotic nikkomycin appeared to be enhanced in Aspergillus species, which are less sensitive to nikkomycin alone. Similar synergism has been reported for zeamatin and thaumatin-like proteins, which belong to the RP-5 family and facilitate penetration of nikkomycin by interaction with the fungal membrane (16, 36) . In fungi, wall synthesis is coupled to exocytosis of vesicles containing wall-synthesizing enzymes and wall material, a process that determines growth polarity. The transport of vesicles is assumed to be mediated by a cytoskeleton, of which actin is the most important compo- nent. Actin is concentrated in areas of growth, and linkages between actin and plasmalemma have been postulated (reference 15 and references therein). The factors that establish polarity and subsequent cell wall synthesis of filamentous fungi and that maintain polarity are relatively unknown. Recently, eight Aspergillus nidulans mutants were isolated and characterized. These mutants have defects in one of these processes, and their germinated conidia and hyphae are misshapen (28) .
The predominant effect of AFP1 on P. variotii occurred during spore germination. AFP1 interfered with polarized growth and prevented the emergence of a normal germ tube but allowed nonpolar growth, leading to large spherical cells with a rigid wall. In addition, AFP1 interfered with polarized growth at hyphal tips, leading to abnormal branching and swollen hyphae with weakened walls that did not resist internal turgor pressure upon mechanical stress. The different effects of AFP1 on P. variotii and A. fumigatus, where AFP1 appeared only to interfere with growth polarity of hyphae and the selectivity of AFP1 toward ascomycetes, may be due to the cell wall-associated proteins, which might act as a physical barrier for AFP1 and determine accessibility of the target. Cell wall proteins have been shown to be determinants of resistance of Saccharomyces cerevisiae toward tobacco osmotin and are presumed to mask binding sites in the plasma membrane that mediate osmotin action (55) . AFP1 may be a valuable tool for studying chitin synthesis in filamentous fungi and its coupling to processes involved in determination of growth polarity and for investigating determinants of resistance.
